One observational prediction for Type Ia supernova (SNe Ia) explosions produced through white dwarf-white dwarf collisions is the presence of bimodal velocity distributions for the 56 Ni decay products. These bimodal velocity distributions can manifest as double-peaked or flat-topped spectral features in late-time spectroscopic observations for favorable viewing angles. We present nebular phase spectroscopic observations of 17 SNe Ia obtained with the Large Binocular Telescope (LBT). Combining these observations with an extensive search of publicly available archival data, we collect a total sample of 47 SNe Ia and classify them based on whether they show compelling evidence for bimodal velocity profiles. We identify 8 bimodal SNe in our sample, and we find that these SNe have average peak M V about 0.4 mag fainter than those which do not. This is consistent with theoretical predictions for explosions created by nearly head-on collisions of white dwarfs due to viewing angle effects and 56 Ni yields.
INTRODUCTION
Type Ia supernovae (SNe Ia) are important objects in astronomy. With luminosities of ∼ 10 43 erg s −1 at maximum light, they can be detected and monitored out to considerable distances. SNe Ia are best known for their use as cosmological standardizable candles, arising from the tight correlation discovered by Phillips (1993) between their peak MB and their rate of decline ∆m15(B). Riess et al. (1998) and Perlmutter et al. (1999) took advantage of this relationship to discover the accelerating expansion of the universe. Beyond cosmology, SNe Ia also play an important role in our understanding of nucleosynthesis, as they are one of the primary sources of iron-group and intermediate-mass elements, have a significant impact on the gas dynamics and star formation characteristics of galaxies, and are likely sources of high energy cosmic rays (see, e.g., Maoz, Mannucci & Nelemans 2014) .
Despite the importance of SNe Ia, our knowledge of the events themselves is still far from complete. The most pressing questions surround the nature of their progenitors. SN Ia explosions are the thermonuclear detonations of carbonoxygen white dwarfs (CO WDs; Hoyle & Fowler 1960; Colgate & McKee 1969) , and a companion is required to trigger the explosion. The details of the explosion mechanism are unknown and remain an active topic of discussion. Popular progenitor scenarios can be broadly divided into two possible channels: one involving a companion star still undergoing thermonuclear burning (the single-degenerate or SD scenario), and one involving a WD companion (the doubledegenerate or DD scenario).
In the canonical SD scenario a CO WD accretes hydrogen-rich or helium-rich material from a non-degenerate companion until it approaches the Chandrasekhar limit M Ch = 1.44M (Chandrasekhar 1931) , at which point it experiences a thermonuclear runaway and explodes (Whelan & Iben 1973; Han & Podsiadlowski 2004) . In the standard DD scenario, a tight WD binary loses energy and angular momentum to gravitational wave emission before undergoing tidal interactions and subsequently exploding as a SN Ia (Iben & Tutukov 1984; Webbink 1984; Shen et al. 2012 ). There are also modified channels for each scenario. One example is the violent prompt merger scenario, a SD variant where a WD merges with the degenerate core of an asymp-totic giant branch (AGB) star (Livio & Riess 2003; Soker et al. 2013) . Another is the double-detonation scenario, a DD variant wherein a CO WD accretes matter from a He WD companion in a manner somewhat similar to that of the canonical SD scenario, although the resultant explosion occurs when the accreting CO WD is still at a subChandrasekhar mass (Woosley & Weaver 1994; Livne & Arnett 1995; Bildsten et al. 2007; Shen & Moore 2014) .
All of these progenitor channels have varying degrees of theoretical and observational problems. For instance, most SD scenario channels require finely tuned accretion rates in order for the WD to successfully gain mass and explode (Starrfield et al. 1972; Nomoto 1982; Iben & Tutukov 1984) . Additionally, the nearby SNe Ia 2011fe and 2014J were particularly well-studied (Brown et al. 2012; Munari et al. 2013; Mazzali et al. 2014; Foley et al. 2014; Goobar et al. 2014; Galbany et al. 2016; Vallely et al. 2016 ), but no compelling evidence was found for the existence of non-degenerate companions (Bloom et al. 2012; Chomiuk et al. 2012; Shappee et al. 2013; Margutti et al. 2014; Lundqvist et al. 2015) . Fine tuning is also generally required for DD scenario mergers to avoid off-center ignitions and accretion-induced collapse to a neutron star (Nomoto & Iben 1985; Shen et al. 2012; Moll et al. 2014) . Hillebrandt et al. (2013) , Maoz, Mannucci & Nelemans (2014) , and Maguire (2016) provide detailed reviews of progenitor channels and their respective theoretical and observational challenges.
One progenitor channel that largely avoids these difficulties is the collisional WD channel. In this variant of the DD scenario, rather than slowly inspiralling due to gravitational wave emission, the two WDs collide nearly head-on -virtually guaranteeing explosion due to the strong shocks produced in the collision (Hawley, Athanassiadou & Timmes 2012; Kushnir et al. 2013; García-Senz et al. 2013 ). This scenario was first raised as a potential explanation for a small fraction of observed SNe Ia in dense stellar regions Raskin et al. 2009 Raskin et al. , 2010 . The Kozai-Lidov effect in triple systems may make this channel relatively generic (Thompson 2011; Antognini et al. 2014) . Katz & Dong (2012) argue that the rate of direct WD collisions may nearly equal that of observed SNe Ia, although the extent of this collision rate enhancement is debated by Hamers et al. (2013) and Toonen, Perets & Hamers (2018) .
The collisional WD channel provides fairly straightforward observable predictions. In particular, the velocity distribution of the 56 Ni deposited in the ejecta of these explosions is intrinsically bimodal (Dong et al. 2015) . At appropriate viewing angles, these bimodal velocity distributions will manifest as double-peaked or flat-topped spectral features in late-time spectroscopic observations of 56 Ni decay products. Upon examining archival nebular phase spectra of SNe Ia, Dong et al. (2015) confidently identified signatures of bimodality in 3 of the 18 SNe in their sample, indicating that SNe Ia produced through this channel are not uncommon.
In this paper, we present nebular phase spectroscopic observations of 17 nearby SNe Ia obtained over the past few years using the Large Binocular Telescope (LBT; Hill, Green & Slagle 2006) . Most of these spectra were obtained as part of a long-term effort to accumulate a complete volumelimited spectroscopic sample of SNe Ia nebular phase observations out to z ∼ 0.2. Once complete, the nebular spectra for 100 type IA Supernovae (100IAs; Dong et al. 2018) survey will be an invaluable resource for our understanding of SNe Ia and their progenitors. Among the sample we present here, we identify 2 events that are consistent with the underlying bimodal velocity distribution expected of SNe Ia produced through the collisional WD progenitor channel. We then combine these spectra with a sample of 30 additional archival nebular phase SNe Ia observations presented in Tucker et al. (2019) , where we identify an additional 6 events showing evidence of bimodality. We show that these bimodal SNe Ia are systematically less luminous at peak than their single velocity component counterparts, and we discuss how this may arise from viewing angle dependent effects inherent to the collisional WD progenitor channel or 56 Ni production. This paper is organized as follows. In Section 2.1 we describe the LBT observations we undertook to obtain 18 spectra of 17 nearby SNe Ia during the nebular phase. In Section 2.2 we describe the sources from which we obtained our archival sample of nebular phase spectra and near-peak photometry, and we also provide a brief description of the methods we used to convert the observed V -band observations into absolute magnitudes. In Section 3 we describe the classification methods we use to determine whether or not spectra show evidence of a bimodal velocity distribution. Finally, in Section 4 we demonstrate that bimodal SNe Ia are less luminous than SNe Ia in general, and we discuss our findings in the context of the SNe Ia progenitor problem.
THE SAMPLE

Previously Unpublished Observations
All of the new spectra we present here were obtained using the Multi-Object Double Spectrographs mounted on the twin 8.4m Large Binocular Telescope (MODS1 and MODS2; Pogge et al. 2010) . The MODS1 spectra were reduced using a combination of the modsccdred 1 python package, and the modsidl pipeline 2 . Unfortunately, some of the calibration data necessary to use the modsidl pipeline are not yet available for MODS2, so the MODS2 observations were reduced using standard techniques in IRAF to extract and calibrate the 1D spectra in wavelength and flux. Spectra of SNe 2016ehy, 2016ffh, 2016fnr, and ASASSN-16lx were obtained using only MODS2 data because MODS1 was not operational during those observations. All other spectra were obtained using only MODS1 data. Due to the relatively high sky noise in the red channel, the low S/N spectrum of 2016bry could only be extracted in the blue channel.
The properties of these spectroscopic observations are summarized in Table 1 , and Figure 1 shows the 18 LBT spectra we obtained for this paper. Broadly speaking, the spectroscopic properties of our sample are comparable to the sample presented by Graham et al. (2017) Unfortunately, the SNe 2016bry, 2016ehy, and 2016eqa spectra we obtained turned out to have low signal-to-noise ratios (S/N) and we exclude them from our subsequent analysis. As we discuss further in Section 3, the spectra of SNe 2014bv and 2016iuh are particularly interesting, as they show fairly compelling evidence of bimodal velocity distributions in their 56 Ni ejecta.
Archival Data
We also utilize a subset of the exhaustive sample of spectroscopic archival late-time SNe Ia observations we collected and present in Tucker et al. (2019, in prep) . To obtain this sample we systematically extracted spectra from a number of archival databases, including the Weizmann Interactive Supernova Data Repository (WISeREP; Yaron & Gal-Yam 2012) , the Open Supernova Catalog (OSC; Guillochon et al. 2017) , the Berkeley SuperNova Ia Program (BSNIP; Silverman et al. 2009 Silverman et al. , 2012 , the Carnegie Supernova Project (CSP; Folatelli et al. 2013) , and the Center for Astrophysics Supernova Program (Blondin et al. 2012) . We also present a number of previously unpublished spectra reduced from raw data available in other public archives. For a detailed description of how we obtained the full sample see Tucker et al. (2019) . The spectroscopic properties of the SNe we utilize in our analysis are summarized in Table 2 . We restrict our sample to events with reasonably wellsampled near-peak V -band light curves, so that we can compare the peak luminosities of the bimodal events with the overall sample. The photometric properties of these archival SNe Ia are summarized in Table 3 . Only Swift UVOT observations were obtained for a few of these events, and in these instances we substitute UVOT V -band observations in lieu of Johnson V -band observations. We identify these events in Table 3 . In cases where both were obtained, we use the Johnson V observations.
With the exception of the extreme cases of SNe 1986G, 2002er, and 2014J, we do not correct for host galaxy extinction. It seems unlikely that there would be any preference for bimodal events to occur along high or low extinction lines of sight, so for our relative comparison this should be of no major concern. We account for Galactic foreground extinction using the Schlafly & Finkbeiner (2011) infrared-based dust map, and we use redshift-independent estimates of the distance modulus (µ) for SNe with z < 0.01.
DETERMINING BIMODALITY
In the majority of cases, detecting signatures of bimodality in the 56 Ni velocity profiles of a spectrum can be performed fairly reliably by inspection. It requires no special analysis to see the bimodal velocity profiles in the late-time spectra of SN 2007on and SN 2014bv, for instance (see Figure 3 ).
Similarly, a cursory examination of the late-time spectra of SN 2011fe and SN 2012cg shows no need to invoke anything beyond standard single-component velocity broadening. However, there are also events like SNe 2016iuh and 2012ei which do not fall cleanly into either category. In order to handle the classification of these borderline events self-consistently, and to minimize the impact of any potential bias, it is best to have an objective classification scheme.
We use the direct convolution technique described by Dong et al. (2015) , although our implementation differs slightly. We construct a bimodal velocity kernel using two quadratic components, and then convolve this kernel with the high S/N, narrow-featured spectrum of SN 1999by. The velocity convolution kernel is described by
, 0 , and (4)
We limit our analysis to three features we can confidently associate with We classify the spectral fits as being consistent with a bimodal velocity profile if the two quadratic components of the velocity kernel do not significantly overlap -that is, vsep σ mod,1 + σ mod,2 . While there are benefits to using only the [Co III] feature -namely that it is not subject to blending concerns -we regard identifications made using all three features as more robust. It is very unlikely that a single-component velocity distribution can produce similarly spaced double-peaked profiles for the three well-separated features. For robust identification using the triple-feature fit we strictly require vsep > σ mod,1 + σ mod,2 , while for the more tentative [Co III] feature identifications we allow for a small overlap of 500 km s −1 provided that the two kernel components are still largely distinct from one another and satisfy σ mod,1 < vsep and σ mod,2 < vsep (see Figure 4) . In nearly all cases where the three-feature fit produces a bimodal classification, the single [Co III] feature fit does so as well. Out of the six events classified as bimodal using the multi-feature fit, only in the case of SN 2003hv does the single [Co III] feature fit disagree. Upon inspection of the SN 2003hv spectrum, one notes that the [Co III] λ5891 feature, although not double-peaked, shows a flat-top profile consistent with a bimodal velocity profile. Our sample includes 14 of the 18 SNe considered by Dong et al. (2015) . We recover the bimodal classifications found by Dong et al. (2015) for SNe 2007on, 2003gs, and 2005am . Using our triple-feature fit criteria, we classify SNe 2008Q and 2003hv, which Dong et al. (2015) had described as ambiguous identifications, as single-component and bimodal events, respectively.
In addition to the six bimodal events we confidently identify through multi-feature fitting, we identify two events where the [Co III] λ5891 feature is consistent with bimodality even though the best multi-feature fit does not satisfy our classification criterion. The spectra of these two events -SNe 2016iuh and 2002er -are shown in Figure 4 . Although we regard these identifications as less robust than those obtained through the multi-feature fits, they are nevertheless meaningful and we find no obvious problems when we examine the spectra manually. Particularly in the case of SN 2002er, the structure of the [Co III] feature is clearly double-peaked. Furthermore, we find that the peak absolute magnitude of these two events are very similar to those identified through multi-feature fitting. Figure 5 shows the peak absolute V -band magnitude (MV ) distribution for all of the SNe Ia in our sample. This distribution is similar to the SNe Ia luminosity distribution found by Ashall et al. (2016) when neglecting host galaxy extinction. Events shown in gray are consistent with an underlying single-component velocity profile, while those shown in red are identified as bimodal utilizing the classification scheme described in Section 3. The darker shade of red indicates an event confidently identified as bimodal using the multifeature fit criteria, while the lighter shade indicates an event whose [Co III] feature is consistent with bimodality.
DISCUSSION AND CONCLUSIONS
The most striking characteristic of the bimodal events is their marked tendency toward fainter peak magnitudes. The wavelength coverage is reported for the rest frame of each spectrum. a MODS2 spectra. b The red channel spectrum had too low a S/N to effectively extract from the observations. This demonstrates the importance of using an objective classification scheme. In both cases, we classify these spectra as single-component because the best-fit velocity kernel has components that are significantly overlapping. Both spectra were obtained using the LBT, and the SN 2012cg spectrum was previously published by Shappee et al. (2018) .
As noted by Dong et al. (2015) in their more limited sample, SNe Ia showing bimodal velocity profiles tend to have relatively large ∆m15(B) values and be less luminous than those which do not. We find that the average peak MV for events without signatures of bimodality is −18.94 mag (the vertical black dashed line in Figure 5 ), while that of events with signatures of bimodality is −18.56 mag (the vertical red dashed line in Figure 5 ), a statistically significant offset of 0.38 mag. Using Welch's t-test we can conclude with 98.1% confidence that the means of these two distributions are different (t = 2.642; p = 0.019), and using the two-sample Kolmogorov-Smirnov test we can conclude with 98.5% confidence that the two distributions are distinct from one another (D = 0.571; p = 0.015). Figure 6 shows empirical comparisons of the bimodal sample relative to the rest of the SNe Ia population. The Phillips et al. (1999) decline rate versus peak luminosity relation we show in the figure is calibrated using the M V,peak [∆m15(B) = 1.1] = −19.12 value from Folatelli et al. (2010) , and we obtained the ∆m15(B) values for our sample using SuperNovae in Object Oriented Python (SNooPy; Burns et al. 2011 Burns et al. , 2014 . We find that, when compared to the Phillips relation and a sub-sample of SNe Ia observed by the Carnegie Supernova Project, the bimodal Note that phases are calculated in the observed frame relative to maximum V -band brightness.
SNe Ia are not significant outliers. Although they are systematically less luminous at maximum light, they still lie on the Phillips relation and do not show significantly more variance in absolute magnitude at fixed ∆m15 than other SNe Ia. We draw a similar conclusion when we examine the bimodal sample using the near-maximum spectroscopic subclasses identified by Branch et al. (2006) , shown in the right panel of Figure 6 along with a large sample of SNe Ia from Blondin et al. (2012) . The six bimodal SNe Ia for which there are publicly available near-maximum spectra appear consistent with the SNe Ia population at large. They do not fall into a limited range of the Branch diagram parameter space and are reasonably split among the four empirical classifications.
The tendency toward lower peak luminosities is consistent with observing collisional events at viewing angles of θ ∼ 90
• , perpendicular to the collision axis (θ = 0 • ). Using the Lagrangian hydrodynamics code of Rosswog et al. (2008) and Rosswog, Ramirez-Ruiz & Hix (2009) and the three-dimensional radiative transfer code SEDONA (Kasen, The foreground Galactic extinction A V values are taken from Schlafly & Finkbeiner (2011) . a Johnson V observations were not obtained, so Swift UVOT V observations are substituted. b SN 2014J exhibits considerable host galaxy extinction, so we adopt the A V = 1.76 host galaxy extinction value from Tsvetkov et al. (2014) . c SN 1986G exhibits considerable host galaxy extinction, so we adopt E(B − V ) = 0.63 from di Serego-Alighieri & Ponz (1987) and assume R V = 3.1 to obtain A V = 1.95. d SN 2002er exhibits considerable host galaxy extinction, so we adopt E(B − V ) = 0.36 from Pignata et al. (2004) and assume R V = 3.1 to obtain A V = 1.12. Figure 3 . The six spectra we confidently identify as bimodal through multi-feature fits to all three of the relevant 56 Ni decay features. Realistically, one need not perform any modeling to identify SNe 2014bv and 2007on as bimodal (such an indentification is clear by inspection), but it is reassuring that our classification scheme recovers a bimodal identification for such events. In all cases the two velocity kernel components are distinctly separated, and in most cases they are separated by a considerable margin. All of the fits appear reasonable upon inspection.
Thomas & Nugent 2006), simulated explosions and calculated synthetic light curves for WD-WD collisional detonations of varying WD masses. These simulated light curves are similar to those observed for SNe Ia. also noted that, due to the asymmetry of the resultant ejecta, the observed properties of these SNe would exhibit some degree of viewing angle dependence. They found that the synthetic peak MB could be reduced by as much as ∼ 0.5 mag when viewed edge on at θ ∼ 90
• . This effect is similar in scale to that which we observe for this sample, although the synthetic light curves calculated by have somewhat smaller ∆m15(B) than the bimodal events in our sample.
Another potential explanation is that explosions produced through collisions of average mass WDs may synthesize less 56 Ni than other progenitor channels. Kushnir et al. (2013) calculated the 56 Ni yields (M56) produced from collisional explosions for a range of binary WD masses. Their simulations showed that collisions between WDs of mass 0.55 − 0.65 M produce between 0.2 and 0.4 M of 56 Ni. This mass regime is important because the WD mass function is strongly peaked at ∼ 0.6 M (Kepler et al. 2007 ). As Figure 4 . The two additional spectra we tentatively identify as bimodal based only on fits to the [Co III] λ5891 feature. While these identifications are less robust than those obtained using the multifeature fits, they appear to be consistent with the rest of the bimodal sample (see Section 4). shown by Piro, Thompson & Kochanek (2014) , the combination of the WD mass function and the collisional model of Kushnir et al. (2013) predicts a 56 Ni yield distribution peaked near 0.3M . Because the distribution of 56 Ni yields inferred from observed SNe Ia peaks at M56 = 0.6 M with an average value of ∼ 0.5 M (Stritzinger et al. 2006; Wang et al. 2008) , and because the peak Ia luminosity is directly connected with the synthesized 56 Ni mass, Piro, Thompson & Kochanek (2014) concluded that SNe Ia produced by collisions should be sub-luminous.
The expected scale of this effect can be estimated using the decline rate-nickel mass relation of Mazzali et al. (2007) ,
and the V -band peak luminosity fit from Phillips (1993) , MV,max = −20.883 + 1.949∆m15(B).
If the collisional WD channel produces SNe Ia with M56 ∼ 0.3M , we would thus expect them to be ∼ 0.6 mag fainter than typical SNe Ia (with M56 ∼ 0.5M ), which is comparable to the effect observed in our sample. We can estimate the critical viewing angle (θc, measured relative to the WD collision axis) beyond which we are no longer sensitive to identifying bimodal signatures. This critical angle is given by θc = 90
• − cos −1 (P bimodal /f ), where P bimodal is the proportion of observed SNe Ia for which we detect signatures of bimodality, and f is the fraction of all SNe Ia with intrinsic bimodal velocity components. Thus, if we assume that all SNe Ia have intrinsic bimodality, then we are sensitive to viewing angles up to θc ∼ 10
• . If we assume instead that f = 1/3, then we are sensitive to viewing angles up to θc ∼ 30
• . It seems unlikely that we would be sensitive to θc 45
• , so the fraction of SNe Ia with intrinsic bimodalility is probably not significantly smaller than 25%.
It is now established that a non-negligible fraction of SNe Ia spectra exhibit features consistent with a bimodal 56 Ni velocity distribution. Dong et al. (2015) found that 3 Figure 6 . Empirical comparisons of the bimodal SNe Ia in our sample with the SNe Ia population at large. The left panel shows the decline rate versus peak luminosity for bimodal events (shown in red) compared to the Phillips et al. (1999) relation. A sample of SNe Ia from Folatelli et al. (2010) are also included for comparison (shown in black). The right panel shows the pseudo-equivalent width (pEW) values for the Si II λ5972 and Si II λ6355 absorption features in near maximum light spectra for six of the bimodal events (shown using large symbols). The different symbols and colors correspond to the different subclasses defined by Branch et al. (2006) . Formal pEW measurement uncertainties are of order 1 Å and are comparable in size to the symbols used to plot the bimodal events. We include the SNe Ia sample from Blondin et al. (2012) in this Branch diagram for comparison (shown using smaller symbols). Aside from their tendency toward lower peak luminosities, the bimodal SNe Ia do not appear to be significant outliers in either distribution.
out of the 18 spectra they examined showed compelling evidence of bimodality. Here we more than double the sample and find that 8 out of 47 spectra show evidence of bimodality. The collisional WD progenitor channel provides a natural explanation for these observed spectral properties, and the tendency towards fainter peak luminosities that we report here is also consistent with this theoretical picture. Further improvements will require larger statistical samples and more attention to possible selection effects as the statistical uncertainties on the bimodal fraction become smaller. Nevertheless, we can confidently assert that bimodal events are not rare, and any proposed combination of SNe Ia progenitor channels must be able to produce a non-negligible fraction of them.
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